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Abstract
SiNW/PEDOT:PSS hybrid solar cells are fabricated on 10.6-μm-thick crystalline Si thin films. Cells with Si nanowires
(SiNWs) of different lengths fabricated using the metal-catalyzed electroless etching (MCEE) technique have been
investigated. A surface treatment process using oxygen plasma has been applied to improve the surface quality of the
SiNWs, and the optimized cell with 0.7-μm-long SiNWs achieved a power conversion efficiency (PCE) of 7.83 %. The
surface treatment process is found to remove surface defects and passivate the SiNWs and substantially improve the
average open circuit voltage from 0.461 to 0.562 V for the optimized cell. The light harvesting capability of the SiNWs
has also been investigated theoretically using optical simulation. It is found that the inherent randomness of the MCEE
SiNWs, in terms of their diameter and spacing, accounts for the excellent light harvesting capability. In comparison,
periodic SiNWs of comparable dimensions have been shown to exhibit much poorer trapping and absorption of light.
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Background
In recent years, extensive research has been devoted
towards rendering solar energy more cost competitive to
be a viable energy source. For example, Si nanostruc-
tures, such as Si nanowires (SiNWs) have been incorpo-
rated into solar cells for light trapping, so that thinner Si
absorber layer can be used to lower the material cost
[1–3]. SiNWs fabricated by the low cost solution-based
metal-catalyzed electroless etching (MCEE) technique
have also been combined with organic semiconductors
to form hybrid solar cells [4, 5]. Such cells present a very
cost-effective option due to their simple structure,
coupled with the solution-based, low temperature and
large area fabrication process. Currently, a promising
power conversion efficiency (PCE) of 13.01 % has
been reported for hybrid solar cells based on SiNWs
and poly(3,4-ethylene-dioxythiophene):polystyrenesul-
fonate (PEDOT:PSS) [6]. A high PCE of 17.4 % [7]
has also been reported for bulk Si/PEDOT:PSS cell
based on a backPEDOT cell structure, where light is
incident on Si instead of PEDOT:PSS to reduce para-
sitic absorption loss in the PEDOT:PSS. Despite the
outstanding efficiency achieved, it should be noted
that the hybrid cells demonstrated using expensive
bulk Si wafer are not a practical option for low cost
applications. It is imperative that lower cost Si thin
films should be explored instead. We have previously
reported SiNW/PEDOT:PSS hybrid solar cells based
on a 2.2-μm Si thin film that achieved a PCE of
5.6 % [8]. The performance of the SiNW-based cells
was noted to be only marginally improved compared
to their planar counterpart with the same thickness of
Si thin film. This has been attributed to the high re-
combination rate associated with the defective surface
of the SiNWs prepared by the MCEE technique, as
well as the lower shunt resistance of the SiNW-based
cells [9, 10]. To further improve the performance of
thin film SiNW/PEDOT:PSS solar cells, in this work,
we fabricate such cells using a thicker Si thin film of
10.6 μm. To address the high surface recombination
associated with the SiNWs, we apply a recently devel-
oped two-step surface treatment process to improve
the surface quality of the SiNWs [11]. We achieve a
PCE of 7.83 % for the treated SiNW/PEDOT:PSS cells
with an optimized SiNW length of 0.7 μm. The aver-
age Voc of the SiNW/PEDOT:PSS cells is improved
from 0.461 to 0.562 V as compared to the untreated
counterparts. The results in this study demonstrate
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the potential of thin film Si/PEDOT:PSS hybrid cells
incorporated with SiNWs for light trapping, and the
importance of surface treatment to fully realize the
advantages brought about with the use of SiNWs.
The MCEE approach can readily produce SiNWs with
20–300 nm diameter by simply immersing the Si films
into an aqueous HF solution which contains metal cata-
lyst such as metal particles (silver or gold) or metal ions,
and oxidizing agents such as Fe(NO3) or H2O2 [12]. HF-
AgNO3 solution has been widely used for the MCEE
SiNW fabrication since 2002, as reported by Peng et al.
[13]. The MCEE SiNWs offer excellent light trapping
ability as evidenced from their generally low reflectance
in the visible light range. The light reflectance can be as
low as 1.4 % over the wavelength (λ) range of 300–
600 nm for SiNWs fabricated on bulk crystalline Si
wafers [12]. SiNW array films fabricated on glass sub-
strates by the MCEE technique have also shown low re-
flectance of less than 10 % from 300 nm < λ < 800 nm
and strong broadband optical absorption of more than
90 % [14, 15]. AgNO3 prepared MCEE SiNW hybrid
cells exhibited low reflectance of <5 % over a broad
range 300 nm < λ < 1050 nm for nanowire length greater
than 1 μm [16]. The results are interesting given that the
dimensions of the MCEE SiNWs commonly etched
using AgNO3/HF solution, with diameters from 30–
150 nm and spacing of 20–80 nm [4], are not in the op-
timized range for effective scattering of the main solar
spectrum. This leads to the question of the origin of
their strong light trapping properties. Recently, interest
in the effect of disorders on the optical performance of
Si nanostructures has grown [17–20]. Some theoretical
studies have been done on the SiNW arrays without any
underlying Si thin film using the finite-difference time-
domain (FDTD) method [17, 18] and transfer matrix
method (TMM) [19]. In these studies, individual struc-
tural parameters of the SiNW arrays such as diameter
[18], position [17–19], and length [18] have been varied
one at a time to study their effects on the optical proper-
ties of the SiNW arrays. The results have shown that the
disorders in the SiNW arrays resulted in improved light
absorption as compared to the periodic structure with
comparable dimensions, attributed to the presence of
additional resonance modes and broadening of the exist-
ing modes [17–19]. In this work, we have carried out
optical simulations based on a hybrid structure of ran-
dom SiNW arrays on an underlying Si thin film, and
with PEDOT:PSS on top using the finite element method
(FEM) [21]. We investigate the effects of the random-
ness of the MCEE SiNW arrays, in terms of their diam-
eter and spacing, on the optical properties of the hybrid
SiNW/PEDOT:PSS solar cells. Instead of varying the pa-
rameters randomly one at a time over a pre-defined
range, we allow both the SiNW diameter and spacing to
vary concurrently, so that the simulated structure is
closer to what is observed experimentally. It is found
that this has resulted in enhanced scattering and absorp-
tion, as compared to the case where the parameters are
varied randomly one at a time. Overall, the simulation
studies reveal that the inherent randomness of the
SiNWs results in a substantial decrease in the reflect-
ance and transmittance of light. Consequently, there is a
significant increase in the absorption of light as com-
pared to periodic SiNWs of comparable dimension, but
with uniform diameter and spacing. In the presence of
SiNW randomness, the ultimate efficiency is boosted
from 16.9 to 27.2 % for a simulated hybrid cell based on
a 2.2-μm-thick Si absorber, which represents a remark-
able 60.6 % improvement.
Methods
Figure 1 illustrates the fabrication process for the SiNW/
PEDOT:PSS hybrid solar cells. A crystalline Si layer with
a thickness of 10.6 μm and phosphorus doping concen-
tration of 1.5 × 1016 cm−3 was epitaxially grown on top
of n++ Si (100) substrate in a rapid thermal chemical
vapor deposition (RTCVD) reactor. The n++ Si substrate
with an arsenic doping concentration of ~1 × 1020 cm−3
was first cleaned by in situ ultra pure H2 at 1100 °C
inside the RTCVD reactor, followed by the growth of
epitaxial Si layer using dichlorosilane precursor and
phosphine (PH3) dopant gas at 1000 °C. The doping
concentration and thickness of the epitaxial Si layer are
confirmed by dynamic secondary ion mass spectrometry
(DSIMS) while its crystallinity is verified by X-ray dif-
fraction (XRD) measurements as shown in Fig. 2a, b, re-
spectively. It should be emphasized that as the heavily
doped Si substrate has very short minority-carrier diffu-
sion length, optical absorption leads to generation of
carriers that recombine readily and do not contribute to
photocurrent. Therefore, only the thin Si epilayer is re-
sponsible for the generation of photocurrent in the solar
cells. Note that the high temperature CVD process used
in this work allows us to obtain high quality crystalline
Si thin films for the fabrication of SiNW/PEDOT:PSS
cells. This enables us to probe the upper limit of the per-
formance of such cells without the complications relat-
ing to the quality of the Si thin films. However, the
approach is not practical as it is not a low cost process
and high temperature is involved. For practical applica-
tion, other approaches would have to be considered to
realize hybrid cells based on Si thin films grown at low
temperature and on low cost substrates [22, 23].
SiNWs were fabricated on the epitaxial Si films by the
MCEE technique in a solution consisted of 4.6 M HF
and 0.02 M silver nitrate (AgNO3) [24]. SiNWs with dif-
ferent lengths of L = 0.4, 0.7, 0.95, 1.5, and 2.7 μm were
fabricated by adjusting the etch time. Following that the
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top surface of the SiNWs was spin coated with highly
conductive PEDOT:PSS (PH1000) mixed with 5 wt% di-
methyl sulfoxide (DMSO) at 2800 r/min, and then
annealed at 105 °C for 10 min in atmosphere. The cells
were completed by depositing electrodes that comprised
a layer of Ag grid on the PEDOT:PSS layer and Ti/Pd/
Ag on the backside of the Si substrate using e-beam
evaporation. Each cell has a size of 0.95 cm2 and a 12 %
incident light power loss due to the Ag grid shadowing.
For the two-step surface treatment process presented in
the dotted box in Fig. 1, instead of using ozone [11], we
have tried a different approach of oxidizing the surface
of SiNWs using oxygen plasma. The SiNWs were first
treated in a RF 13.56 MHz inductively coupled oxygen
plasma for 480 s to form a layer of sacrificial oxide of
~4–5 nm. The plasma was generated with an O2 gas
flow of 30 sccm, RF power of 30 W and pressure of
200 mTorr. The SiNWs were then etched in 5 % dilute
hydrofluoric (HF) acid for 85 s to partially remove the
oxide layer, together with the embedded Ag nanopar-
ticles, leaving behind a thin layer of residual SiOx of
~1 to 2 nm for surface passivation [11]. Our results
reveal that the treatment process using oxygen plasma
is as effective as the one using ozone which we have
reported previously [11].
Results and Discussion
Figure 3 shows the top view and side view SEM images
for two of the samples with 0.4- and 0.95-μm-long
SiNWs coated with PEDOT:PSS, with and without sur-
face treatment. It is observed that PEDOT:PSS forms a
continuous canopy on top of the SiNWs instead of pene-
trating into the SiNW gaps, attributed to its long poly-
mer chain [16]. Besides, while the shorter SiNWs are
Fig. 2 a DSIMS profile and b XRD profile of the epitaxial Si thin film
Fig. 1 A schematic illustration of the fabrication process for SiNW/PEDOT:PSS hybrid solar cell with surface treatment
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more vertically aligned, the longer SiNWs suffer from
agglomeration at the top resulting in the formation of
large bundles of SiNWs, ascribed to the van der Waals
and attractive capillary forces [25, 26]. As a result, the
PEDOT:PSS layer exhibits a bumpy surface contour on
top of the SiNW bundles, and many SiNWs within the
bundles are uncoated with PEDOT:PSS. In terms of the
influence of surface treatment, it is noted that the
treated SiNWs reveal a smoother surface coverage of
PEDOT:PSS layer as compared to the untreated SiNWs.
This could be attributed to the more hydrophilic surface
of the SiNWs after the oxygen plasma treatment, which
improves the PEDOT:PSS coverage in the spin coating
process [27]. We have carried out transmission electron
microscopy TEM studies of the treated SiNWs, as
shown in Fig. 4, and similar to the results obtained for
the two-step process using ozone treatment [11], it is
observed that most of the Ag nanoparticles yielded dur-
ing the MCEE process have been removed from the
SiNW surface. Figure 5a, b shows the HRTEM images of
a SiNW before and after the oxygen plasma treatment,
respectively. As seen in Fig. 5a, the as-prepared SiNW
has only a very thin SiOx layer on the surface due to its
H+ terminated surface arising from the MCEE process.
From Fig. 5b, it is seen that a thicker SiOx layer of 4 to
5 nm thickness was formed after the O2 plasma treat-
ment. Figure 5c shows the SiNW after the 5 % HF etch
for ~85 s, where a thin layer of 1 to 2 nm SiOx is seen
to remain on the surface for passivation purpose. This
SiOx layer will change the wettability of the SiNW
Fig. 3 a, b The top view SEM images of 0.4-μm-long SiNWs/PEDOT:PSS without and with surface treatment, respectively; c, d the top view SEM
images of 0.95-μm-long SiNWs/PEDOT:PSS without and with surface treatment, respectively; e–h the corresponding cross-sectional view SEM
images of these samples
Fig. 4 TEM images of the SiNWs a before and b after the two-step surface treatment
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surface. Contact angle measurements have been carried
out for the SiNW substrate before O2 plasma treatment,
after O2 plasma treatment and after HF etching, the re-
sults of which are shown in Fig. 6a–c, respectively. It is
seen that the two-step surface treatment changes the
wettability of the SiNW surface from hydrophobic (con-
tact angle θ = 113°) to hydrophilic (θ = 85°). The hydro-
philic surface is advantageous as it promotes a smoother
coverage of PEDOT:PSS on top of the SiNWs, as can be
seen from the SEM images presented in Fig. 3.
Four to six cells were fabricated and investigated for
each length of the SiNWs. Figure 7a, b shows respectively
the illuminated and dark J-V characteristics of a typical
0.4 μm SiNW/PEDOT:PSS hybrid cell without and with
the two-step surface treatment. The corresponding results
for the 0.95 μm SiNW/PEDOT:PSS hybrid cell are shown
in Fig. 7c, d, respectively. Figure 8a–d summarizes the
average photovoltaic parameters of the SiNW/PEDOT:PSS
solar cells fabricated without and with the two-step sur-
face treatment as a function of L. The illumination was
carried out using a solar simulator (San-EI electric) under
the AM 1.5G 100 mW/cm2 condition. The cells that are
surface treated consistently exhibit better PCE as com-
pared to the untreated cells of the same SiNW length. As
seen in Fig. 8a, the average PCE exhibits a maximum value
of 7.27 % at 0.7 μm, and it is less sensitive to the SiNW
length, in contrast to the untreated cells where the PCE
decreases sharply with increasing SiNW length. The better
PCE is mainly due to the improvement in Voc across all
the samples, as well as higher Jsc and FF for samples with
longer SiNWs. This is attributed to the surface treatment
that resulted in the removal of impurity particles and de-
fects on the SiNW surface, which is particularly crucial for
longer SiNWs due to their large surface area. The Voc of
about 0.562 V measured for the shorter 0.7 μm SiNWs is
much higher than those typically reported in the literature
for untreated SiNW hybrid cells [6, 16]. Apart from the
improved surface quality, the residual oxide layer resulted
from the surface treatment also facilitates a favorable band
alignment and leads to an internal electric field at the
junction interface, leading to better charge separation
[28–30]. In addition, the untreated cells exhibit lower
shunt resistance, as evidenced from the early turn-on of
the cells at low forward voltage range of the J-V curves
seen in Fig. 7. This is ascribed to the rougher surface
coverage of PEDOT:PSS layer on top of the SiNWs, which
may lead to local shunting due to protrusion of the SiNW
tips. This is expected to be more severe for longer SiNW
cells, as the aggregation of SiNWs leads to a greater pro-
trusion. In contrast, the treated cells have cleaner SiNW
surface and better coverage of PEDOT:PSS layer, which
also leads to the enhancement in carrier separation. The
above factors account for the overall improved perform-
ance of the treated cells.
Fig. 5 HRTEM images of the SiNWs a before and b after the O2 plasma treatment. c SiNWs after surface treatment and subjected to HF etching
time of 85 s. A residual thin SiOx layer is seen on the SiNW surface
Fig. 6 Contact angles of the SiNW substrate a as prepared, b after O2 plasma treatment, and c after HF etching
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As seen in Fig. 8, the performance of the cells is poor
at longer SiNW length, even for the treated cells. Due to
the bundling, only SiNWs that are situated at the outer
perimeter of the bundles are treated by the oxygen
plasma, while those that are within the bundles are not
well exposed to the plasma. Thus the surface treatment
has limited effect on performance improvement for the
very long SiNW cells, as compared to those with shorter
SiNWs. Therefore, there is increased carrier recombin-
ation loss associated with the defective SiNW surface,
which is compounded by the larger surface area of the
longer SiNWs.
Figure 9a shows the EQE spectra of the SiNW/PED-
OT:PSS cells with different L. The EQE peak in-
creases with L up to L = 0.95 μm, with a maximum
value of 69.7 % at λ = 625 nm. This is consistent with
their reflectance spectra shown in Fig. 9b where the
0.95-μm SiNWs cell has a lower reflectance compared
to the shorter SiNW cells. The high EQE is attributed
to the enhanced light trapping and charge separation
capability of the SiNWs, resulting in the highest Jsc of
20.88 mA/cm2, as shown in Fig. 8. As L increases to
1.5 and 2.7 μm, though the reflectance is further re-
duced to below 5 % owing to the more effective light
trapping by the longer SiNWs, the EQE of the cells
decrease monotonically, especially in the shorter
wavelength range of 400–800 nm. This is indicative
of higher recombination rate nearer the surface of the
cells and is attributed to the formation of SiNW bun-
dles, such that the SiNWs nearer the top are not
properly treated and are also not well-coated with
PEDOT:PSS to form junction. It is also noted that all
Fig. 7 Current density-voltage (J-V) characteristics of 0.4-μm SiNW cells with and without surface treatment under a illumination and b dark
condition. The corresponding results for 0.95-μm SiNW cells are shown in c and d, respectively
Wang et al. Nanoscale Research Letters  (2016) 11:311 Page 6 of 10
the cells have lower EQE in the infrared region from
700 to 1100 nm as compared to similar cells based
on bulk thick Si wafers [16]. This is because the thin
epitaxial Si absorber layer does not fully capture lon-
ger wavelength photons. These photons are instead
absorbed in the heavily doped Si substrate, where the
carriers generated are not extracted due to the short
minority-carrier diffusion length and high carrier re-
combination rate [8].
In this work, we also study the effect of the inherent
randomness of the MCEE SiNWs on the light harvesting
characteristics of the SiNW/PEDOT:PSS hybrid cell
using the commercial software High Frequency Struc-
tural Simulator that is based on finite element method
(FEM) [21]. The simulated cell structure consists of an
array of SiNWs on a Si thin layer, with a total thickness
of 2.2 μm, and it is coated with 50 nm thick of PED-
OT:PSS on top. The SiNW length is fixed at 700 nm,
Fig. 8 Average a PCE, b Voc, c Jsc, and d FF for SiNW/PEDOT:PSS cells with and without surface treatment as a function of SiNW length
Fig. 9 a EQE and b reflectance spectra of the SiNW/PEDOT:PSS solar cells as a function of SiNW length L
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which is the optimized length that we have deduced
from our experimental studies. Figure 10 shows the top
view of the periodic SiNW (P-SiNW) and random SiNW
(R-SiNW) structures simulated. We observe experimen-
tally that the MCEE SiNWs have typical diameter vary-
ing from 30 to 150 nm and the nearest spacing between
adjacent SiNWs varying from 20 to 80 nm. Therefore,
for the modeling of the P-SiNW, we assume a constant
diameter (D) of 90 nm and spacing between adjacent
SiNWs of 50 nm, which are the average of the values ob-
served experimentally. Note that the simulated periodic
structure has a periodicity of 140 nm. To model the R-
SiNW, we consider a square unit cell with a side of
560 nm, which is four times the periodicity of the P-
SiNW structure, so that it is equivalent in size to 16 unit
cells of the P-SiNW structure. We assume 16 SiNWs
distributed within the unit cell with the diameter and
spacing randomly vary over the ranges of 30–150 nm
and 20–80 nm, respectively, with a uniform random dis-
tribution. The random structural parameter values
within the defined range are generated by Matlab and
then fed into the optical simulation program. Periodic
boundary condition is applied to the unit cell to simulate
a large area two-dimensional structure. Plane wave over
the range of 300 < λ < 1120 nm is incident normally onto
the top surface of the hybrid structure. The electric field
distribution resulting from the interaction of the inci-
dent sunlight and the nanostructure is solved to obtain
the optical characteristics. The refractive indices of Si
and PEDOT:PSS are obtained from literature [31, 32].
To ensure that the simulated optical characteristics of
the R-SiNW structure sufficiently reflect the random-
ness of the SiNWs, the simulation process was re-
peated 12 times with different random parameters
generated, and the results were then averaged. We
have also confirmed that with about 12 simulations
performed, there is already convergence of the aver-
age optical characteristics. Our approach reflects a
quasi-random structure and helps to shed light on
the absorption characteristics of the non-periodical
hybrid structure.
The light absorption characteristics in the Si and PED-
OT:PSS materials are shown in Fig. 11a, b respectively,
whereas the overall reflectance and transmittance spec-
tra of the hybrid structures are shown in Fig. 11c, d, re-
spectively. It can be seen that the R-SiNW offers better
light absorption than the P-SiNW, particularly at longer
wavelengths where the smaller dimension of the P-
SiNW with P = 140 nm does not lead to effective scatter-
ing of light [33]. It is also observed that the prominent
resonant absorption peaks originally associated with P-
SiNW are broadened in the case of the R-SiNW struc-
ture, and there is also presence of additional resonances.
This is attributed to the fact that the structural sym-
metry is broken [34, 35] due to the varying diameter and
spacing between the SiNWs. In addition, the R-SiNW
structure would have some larger structural dimensions
that enhance light scattering at longer wavelengths. The
stronger trapping and scattering of light increases the
optical path length and absorption and results in a low
reflectance and transmittance for the R-SiNW, as can be
seen in Fig. 11c, d, respectively. It is also noted that the
light absorption in the PEDOT:PSS layer is stronger for
the random structure, as there is stronger scattering of
light at the longer wavelength range where PEDOT:PSS
has relatively high absorption coefficients. However, this
is not important as the absorption efficiency of Si in this
wavelength range is very low. To quantify the effect of
the randomness on the solar cell performance, we have
compared the ultimate efficiency [36] of the P-SiNW
and R-SiNW structures and found that it is substantially
improved from 16.9 to 27.2 % when there is randomness
in the SiNW array.
According to the simulation results, randomness in
the SiNW structure is beneficial and it accounts for the
excellent light harvesting ability of the MCEE SiNWs, in
spite that their structural dimensions are much smaller
than the wavelengths of light in the main solar spectrum.
Fig. 10 The top view of the schematic of the P-SiNW (periodic) and R-SiNW (random) structures simulated. D and P refer to the diameter and
periodicity of SiNW in the P-SiNW, respectively
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It is noted that the simulated reflectance spectrum of
the R-SiNW structure is not as low compared to the ex-
perimental results shown in Fig. 9b, especially in a lon-
ger wavelength range. The deviation can be attributed to
the fact that our simulation does not reflect a truly ran-
dom structure but rather a quasi-random one. Besides,
there are other factors not taken into account in our
simulation, which include variation in the SiNW length,
non-vertical alignment of the SiNWs, the rough surface
and the imperfect cylinder shape of the SiNWs, and the
rough coverage of the PEDOT:PSS layer on SiNWs. In
addition, due to the computing resource constraints, our
simulation was performed for a thinner Si film of 2.2 μm
instead of the thicker 10.6 μm Si film that was used in
the experimental structure. Nevertheless, the simulation
results clearly reveal the effect of the randomness of the
MCEE SiNWs on enhancing the scattering and absorp-
tion of light in SiNW/PEDOT:PSS hybrid cells.
Our experimental cell structure is not optimized due
to the absence of a back reflector. There is also parasitic
optical loss in the PEDOT:PSS as light is incident on the
top PEDOT:PSS layer. If these issues are addressed, it is
expected that the performance of the thin film cells will
be substantially improved. Indeed, recently, a high PCE
of 10.3 % has been reported for planar multicrystalline
Si/PEDOT:PSS solar cell based on the backPEDOT
structure, using a Si absorber thickness of 5 μm passiv-
ated with Al2O3 [22]. The performance of such thin
film-based Si/PEDOT:PSS cells can be further improved
by enhancing optical absorption in the long wavelength
range, through having a good light trapping scheme such
as the one demonstrated in this work based on SiNWs
with the surface treatment. The promising performance,
coupled with the simple cell structure fabricated using
low cost and low temperature process, will render such
thin film Si/PEDOT:PSS hybrid structure attractive for
low cost and high efficiency solar cells applications.
Conclusions
We have demonstrated thin film SiNW/PEDOT:PSS solar
cells using a 10.6 μm Si absorber. High efficiency of
7.83 % has been achieved for 0.7-μm-long SiNW cells with
surface treatment. The light harvesting ability of the
MECC SiNWs is studied both experimentally and theoret-
ically. The inherent randomness of the low cost MCEE
SiNWs is found to be beneficial for light trapping and ab-
sorption in the hybrid solar cell. The promising results ob-
tained demonstrate the potential of realizing efficient Si/
PEDOT:PSS hybrid solar cells using thin film Si.
Competing interests
The authors declare that they have no competing interests.
Fig. 11 Simulated light absorption in the a Si layer and b PEDOT:PSS layer. c Reflectance and d transmission spectra of the P-SiNW (periodic) and
R-SiNW (random) structures
Wang et al. Nanoscale Research Letters  (2016) 11:311 Page 9 of 10
Authors’ contributions
R and HW developed the concept and designed the experiments. HW and
JXW performed the experiments. HW fabricated and characterized the SiNWs
and the hybrid solar cells. JXW developed the surface treatment process.
YHT and CST prepared the thin Si films. HW and LH set up the simulation
modeling. HW performed the simulation study. HW and R interpreted the
data and wrote and revised the paper. All authors read and approved the
final manuscript.
Acknowledgements
We acknowledge the support from the Singapore Ministry of Education
Academic Research Fund Tier 2, Grant No: MOE2012-T2-1-104.
Received: 16 March 2016 Accepted: 24 June 2016
References
1. Garnett E, Yang P (2010) Light trapping in silicon nanowire solar cells. Nano
Lett 10:1082–1087
2. Kelzenberg MD, Boettcher SW, Petykiewicz JA, Turner-Evans DB, Putnam
MC, Warren EL et al (2010) Enhanced absorption and carrier collection in Si
wire arrays for photovoltaic applications. Nat Mater 9:239–244
3. Zhu J, Yu Z, Burkhart GF, Hsu C-M, Connor ST, Xu Y et al (2009) Optical
absorption enhancement in amorphous silicon nanowire and nanocone
arrays. Nano Lett 9:279–282
4. He L, Jiang C, Rusli, Lai D, Wang H (2011) Highly efficient Si-nanorods/
organic hybrid core-sheath heterojunction solar cells. Appl Phys Lett
99:021104
5. Khatri I, Tang Z, Liu Q, Ishikawa R, Ueno K, Shirai H (2013) Green-tea
modified multiwalled carbon nanotubes for efficient poly(3,4-
ethylenedioxythiophene):poly(stylenesulfonate)/n-silicon hybrid solar cell.
Appl Phys Lett 102:063508
6. Yu P, Tsai C-Y, Chang J-K, Lai C-C, Chen P-H, Lai Y-C et al (2013) 13%
efficiency hybrid organic/silicon-nanowire heterojunction solar cell via
interface engineering. ACS Nano 7:10780–10787
7. Zielke D, Pazidis A, Werner F, Schmidt J (2014) Organic-silicon
heterojunction solar cells on n-type silicon wafers: The BackPEDOT concept.
Sol Energy Mater Sol Cells 131:110–116
8. He L, Jiang C, Wang H, Lai D, Heng Tan Y, Seng Tan C et al (2012) Effects of
nanowire texturing on the performance of Si/organic hybrid solar cells
fabricated with a 2.2 m thin-film Si absorber. Appl Phys Lett 100:103104
9. He L, Jiang C, Wang H, Lai D, Rusli (2012) Si nanowires organic
semiconductor hybrid heterojunction solar cells toward 10% efficiency. ACS
Appl Mater Interfaces 4:1704–1708
10. Dan Y, Seo K, Takei K, Meza JH, Javey A, Crozier KB (2011) Dramatic
reduction of surface recombination by in situ surface passivation of silicon
nanowires. Nano Lett 11:2527–2532
11. Wang J, Wang H, Prakoso AB, Togonal AS, Hong L, Jiang C et al (2015) High
efficiency silicon nanowire/organic hybrid solar cells with two-step surface
treatment. Nanoscale 7:4559–4565
12. Peng K-Q, Lee S-T (2011) Silicon nanowires for photovoltaic solar energy
conversion. Adv Mater 23:198–215
13. Peng KQ, Yan YJ, Gao SP, Zhu J (2002) Synthesis of large-area silicon
nanowire arrays via self-assembling nanoelectrochemistry. Adv Mater 14:
1164–1167
14. Sivakov V, Andra G, Gawlik A, Berger A, Plentz J, Falk F et al (2009) Silicon
nanowire-based solar cells on glass: synthesis, optical properties, and cell
parameters. Nano Lett 9:1549–1554
15. Tsakalakos L, Balch J, Fronheiser J, Shih M-Y, LeBoeuf SF, Pietrzykowski M et
al (2007) Strong broadband optical absorption in silicon nanowire films.
J Nanophotonics 1:013552-013552-10
16. Lining H, Rusli, Changyun J, Hao W, Lai D (2011) Simple approach of
fabricating high efficiency Si nanowire/conductive polymer hybrid solar
cells. IEEE Electron Device Lett 32:1406–8
17. Du QG, Kam CH, Demir HV, Yu HY, Sun XW (2011) Broadband absorption
enhancement in randomly positioned silicon nanowire arrays for solar cell
applications. Opt Lett 36:1884–1886
18. Hua B, Xiulin R (2010) Optical absorption enhancement in disordered
vertical silicon nanowire arrays for photovoltaic applications. Opt Lett 35:
3378–80
19. Lin C, Povinelli ML (2011) Optimal design of aperiodic, vertical silicon
nanowire structures for photovoltaics. Opt Express 19:A1148–A1154
20. Hong L, Rusli, Wang X, Zheng H, Wang H, Yu H (2014) Simulated optical
absorption enhancement in random silicon nanohole structure for solar cell
application. J Appl Phys 116:194302
21. Jin J-M (2002) The finite element method in electromagnetics, 2nd edn.
Wiley-IEEE Press, New York
22. Junghanns M, Plentz J, Andra G, Gawlik A, Hoger I, Falk F (2015) PEDOT:PSS
emitters on multicrystalline silicon thin-film absorbers for hybrid solar cells.
Appl Phys Lett 106(3 pp):083904
23. Moreno M, Cabarrocas PRi (2010) Ultra-thin crystalline silicon films produced
by plasma assisted epitaxial growth on silicon wafers and their transfer to
foreign substrates*. EPJ Photovolt 1:10301
24. Peng K, Xu Y, Wu Y, Yan Y, Lee S-T, Zhu J (2005) Aligned single-crystalline Si
nanowire arrays for photovoltaic applications. Small 1:1062–1067
25. Tang Y, Zhao D, Chen J, Wanderka N, Shen D, Fang F et al (2010) Capillary-
driven assembly of ZnO nanowire arrays into micropatterns. Mater Chem
Phys 121:541–548
26. Togonal AS, He L, Roca i Cabarrocas P, Rusli (2014) Effect of Wettability on
the Agglomeration of Silicon Nanowire Arrays Fabricated by Metal-Assisted
Chemical Etching. Langmuir 30:10290–10298
27. Garnett EC, Peters C, Brongersma M, Cui Y, McGehee M (2010) Silicon
nanowire hybrid photovoltaics. In: 35th IEEE Photovoltaic Specialists
Conference, PVSC 2010, June 20, 2010 - June 25, 2010, Honolulu, HI, United
states. p 934–938
28. Schulze K, Uhrich C, Schuppel R, Leo K, Pfeiffer M, Brier E et al (2006)
Efficient vacuum-deposited organic solar cells based on a new low-
bandgap oligothiophene and fullerene C-60. Adv Mater 18:2872
29. He L, Jiang C, Wang H, Lai D, Rusli (2012) High efficiency planar Si/organic
heterojunction hybrid solar cells. Appl Phys Lett 100:073503
30. Kumar A, Sista S, Yang Y (2009) Dipole induced anomalous S-shape I-V
curves in polymer solar cells. J Appl Phys 105
31. Pettersson LAA, Ghosh S, Inganas O (2002) Optical anisotropy in thin films
of poly(3,4-ethylenedioxythiophene)- poly(4-styrenesulfonate). Org Electron
3:143–148
32. Palik ED (1985) Handbook of Optical Constants of Solids. Academic Press,
Orlando
33. Junshuai L, HongYu Y, She M, Xiaocheng L, Gang Z, Lo PGQ et al (2009)
Design guidelines of periodic Si nanowire arrays for solar cell application.
Appl Phys Lett 95(3 pp):243113
34. Han SE, Chen G (2010) Toward the Lambertian limit of light trapping in thin
nanostructured silicon solar cells. Nano Lett 10:4692–4696
35. Kilic O, Digonnet M, Kino G, Solgaard O (2008) Controlling uncoupled
resonances in photonic crystals through breaking the mirror symmetry. Opt
Express 16:13090–103
36. Shockley W, Queisser HJ (1961) Detailed balance limit of efficiency of p-n
junction solar cells. J Appl Phys 32:510–519
Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
Wang et al. Nanoscale Research Letters  (2016) 11:311 Page 10 of 10
